We investigated whether postischemic brain hypothermia (30°C) would permanently protect the hip pocampus following global forebrain ischemia. Global ischemia was produced in anesthetized rats by bilateral carotid artery occlusion plus hypotension (50 mm Hg). In the postischemic hypothermic group, brain temperature was maintained at 37°C during the to-min ischemic insult but reduced to 30°C starting 3 min into the recirculation period and maintained at 30°C for 3 h. In normothermic animals, intra-and postischemic brain temperature was maintained at 37°C. After recovery for 3 days, 7 days, or 2 months, the extent of CAl hippocampal histologic in jury was quantitated. At 3 days after ischemia, postisch emic hypothermia significantly protected the hippocam pal CAl sector compared with normothermic animals. For example, within the medial, middle, and lateral CAl subsectors, the numbers of normal neurons were in creased 20-, 13-, and 9-fold by postischemic hypothermia (p < 0.01). At 7 days after the ischemic insult, however, the degree of postischemic hypothermic protection was significantly reduced. In this case, the numbers of normal Ischemic brain temperature is an important deter minant of neuronal and cerebrovascular injury in animal models of global cerebral ischemia (for re views see Dietrich, 1992; Ginsberg et aI. , 1992). While moderate reductions in ischemic brain tem perature provide histopathological protection (Busto et aI., 1987; Clifton et aI., 1989; Dietrich et aI., 1990a,b; Freund et aI. , 1990; Minamiswa et aI., Abbreviation used: ANOY A, analysis of variance.
Summary:
We investigated whether postischemic brain hypothermia (30°C) would permanently protect the hip pocampus following global forebrain ischemia. Global ischemia was produced in anesthetized rats by bilateral carotid artery occlusion plus hypotension (50 mm Hg). In the postischemic hypothermic group, brain temperature was maintained at 37°C during the to-min ischemic insult but reduced to 30°C starting 3 min into the recirculation period and maintained at 30°C for 3 h. In normothermic animals, intra-and postischemic brain temperature was maintained at 37°C. After recovery for 3 days, 7 days, or 2 months, the extent of CAl hippocampal histologic in jury was quantitated. At 3 days after ischemia, postisch emic hypothermia significantly protected the hippocam pal CAl sector compared with normothermic animals. For example, within the medial, middle, and lateral CAl subsectors, the numbers of normal neurons were in creased 20-, 13-, and 9-fold by postischemic hypothermia (p < 0.01). At 7 days after the ischemic insult, however, the degree of postischemic hypothermic protection was significantly reduced. In this case, the numbers of normal Ischemic brain temperature is an important deter minant of neuronal and cerebrovascular injury in animal models of global cerebral ischemia (for re views see Dietrich, 1992; Ginsberg et aI. , 1992) . While moderate reductions in ischemic brain tem perature provide histopathological protection (Busto et aI., 1987; Clifton et aI., 1989; Dietrich et aI., 1990a,b; Freund et aI. , 1990; Minamiswa et aI., neurons were increased an average of only threefold com pared with normothermia. Ultrastructural analysis of 7-day postischemic hypothermic rats demonstrated CAl pyramidal neurons showing variable degrees of injury surrounded by reactive astrocytes and microglial cells. At 2 months after the ischemic insult, no trend for protection was demonstrated. In contrast to postischemic hypother mia, significant protection was seen at 2 months following intraischemic hypothermia. These data indicate that in traischemic, but not postischemic, brain hypothermia provides chronic protection to the hippocampus after transient brain ischemia. The inability of postischemic hypothermia to protect chronically after 3 days could in dicate that (a) postischemic hypothermia merely delays ischemic cell death and/or (b) the postischemic brain un dergoes a secondary insult. In postischemic treatment protocols, chronic survival studies are required to deter mine accurately the ultimate histopathological outcome following global cerebral ischemia. Key Words: Brain temperature-H ypothermia-Microglia-N europrotec tion-Pathology. 1990a; Welsh et aI., 1990; Horn et aI. , 1991) , eleva tions in ischemic brain temperature have been shown to aggravate outcome (Dietrich et aI., 1990b (Dietrich et aI., , 1991b Minamiswa et aI. , 1990b) . Intraischemic hy pothermia has also recently been shown to reduce the behavioral deficits associated with global isch emia (Green et aI., 1992) . In that study, animals subjected to 12.5 min of global ischemia under hy pothermic (30°C) conditions exhibited a general sparing of hippocampal CAl cell loss and no signif icant deficits on a learning set task 2 months after ischemia.
In contrast to intraischemic hypothermia, post ischemic hypothermia has been shown to provide limited histopathological protection. Using a rat model of global ischemia (10 min), Busto and col leagues (1989a) reported protection of the CAl hip pocampus at 3 days when postischemic hypother mia (30°C for 3 h) was initiated 5 min but not 30 min into the postischemic recirculation period. In sub sequent experiments, Chopp et al. (1991) reported that postischemic hypothermia following 8 min but not 12 min of global ischemia was protective at 7 days. In gerbils, Buchan and Pulsinelli (1990) dem onstrated a marked protection of CAl hippocampal neurons cooled to 34.5°C for an 8-h postischemic period. However, Welsh and Harris (1991) showed that hippocampal injury was not diminished in the gerbil by postischemic hypothermia (33°C) for 1 h. Finally, Kuroiwa et al. (1990) have reported that prevention of postischemic hypothermia by halo thane anesthesia in gerbils also prevents CAl injury after 7 days. Differences in animal species, anesthe sia, and levels and durations of ischemia and hypo thermia may contribute to inconsistent findings re garding postischemic hypothermic protection.
Variations in intraischemic brain temperature can affect the maturation of ischemic injury after global ischemia. Elevating intraischemic brain tempera ture to 39°C has been reported to accelerate isch emic cell injury in the striatum and hippocampus compared with normothermic (37°C) levels (Die trich et aI., 1990b) . If raising ischemic brain temper ature accelerates the maturation of ischemic injury, it is also possible that lowering temperature might delay ischemic cell death. In this regard, Morse and Davis (1990) have reported in gerbils that adrenal ectomy, which causes a drop in body and brain tem perature, slows down ischemic cell death in the hip pocampus. Thus, whether or not histopathological protection is seen after postischemic hypothermia may depend on when ischemic outcome is assessed. The aim of this study was to determine whether postischemic hypothermia would chronically pro tect the hippocampus from transient global isch emia. A postischemic hypothermic protocol that provides significant histopathological protection af ter 3 days was used for this purpose (Busto et aI., 1989a) .
MATERIALS AND METHODS

Animal preparation
These experiments were conducted on 61 fasted male Wistar rats (Charles River) weighing between 250 and 300 g. Rats were initially anesthetized with 3% halothane, 30% oxygen, and a balance of nitrous oxide. Femoral arteries and veins were cannulated with PE-50 tubing. The common carotid arteries were exposed bilaterally in the neck and loose-fitting PE tubing contained within an other dual-bore Silas tic tubing was looped around each J Cereb Blood Flow Metab, Vol. 13, No.4, 1993 carotid artery. Animals next underwent intubation with PE-240 tubing, inserted with the aid of a metal guide. Prior to intubation, atropine (0.15 mg/kg Lp.) was given to diminish secretions. Animals were then immobilized with pancuronium bromide (0.75 mg/kg Lv.) and maintained with repeated doses of 0.35 mg/kg Lv. every 30 min. They were connected to a rodent respirator (Stoelting) and ven tilated on a mixture of 70% nitrous oxide, 2% halothane, and balance oxygen that was passed through a humidifier containing 5% Mucomyst-IO in water. Animals were then stabilized for a period of 45 min, during which arterial blood gases were measured and controlled at normal lev els by adjusting the respirator.
To gauge brain temperature, a 33-0 thermocouple probe was placed in the right striatum. Rectal tempera ture was also monitored and controlled between 36. 5 and 37°C throughout the experimental protocol by a heating lamp positioned above the animal. Brain temperature was independently adjusted by manipUlating the height of a small high-intensity lamp placed above the head. In the experiments in which hypothermia was required, a de crease in brain temperature was induced by blowing cool air onto the surface of the head by a high-speed fan.
Production of cerebral ischemia
Anesthetized rats were prepared for bilateral common carotid artery occlusion combined with systemic hy potension (50 mm Hg). Mean arterial blood pressure was lowered to -60 mm Hg and the ischemic insult initiated by tightening the carotid ligatures bilaterally. Blood was withdrawn until arterial blood pressure declined to 50 mm Hg; the onset of the lO-min ischemic insult was timed from that point. During the ischemic insult, respiration was adjusted by decreasing inspiratory volume rates so as to maintain arterial P02 close to the normal value. Halo thane anesthesia (1 %) was maintained throughout the ischemic period. The ischemic insult was terminated by loosening the carotid ligatures and slowly reinfusing the shed blood (maintained at 36-37°C) to restore normoten sion. At this time, ventilation was adjusted to normalize arterial blood gases. Full physiological monitoring was continued for 3 h into the postischemic period. Arterial and venous catheters were then removed with appropri ate caution and all wounds infiltrated with 1 % lidocaine; cephazoline (Kefzol) 20 mg/kg was injected intrave nously. Rats were then placed in a recuperation chamber at room temperature with free access to water and food pellets.
Experimental groups
Eight animal subgroups, each containing six to nine animals, were investigated. In the normothermic series (37-37-37), intraischemic and postischemic brain temper atures were maintained at 36.5-37°C during the 3-h ob servation period. Animals were then perfusion-fixed at either 3 days, 7 days, or 2 months following the ischemic insult. In the postischemic hypothermic series (37-37-30), rats underwent normothermic ischemia followed by a 3-h hypothermic (29.5-30°C) period; this moderate level of brain hypothermia was achieved between 3 and 5 min into the recirculation period. Postischemic hypothermic ani mals were randomized to the different survival groups and perfused either at 3 days, 7 days, or 2 months follow ing the ischemic insult. In another experimental group (37-30-37), intraischemic hypothermia (29.5-30°C) was in duced during the 10-min ischemic period followed by a 3-h normothermic recirculation period. The intraischemic hypothermic group was perfusion-fixed 2 months after the ischemic insult. Sham-operated control rats (n = 7) underwent all experimental procedures except for the ini tiation of brain ischemia.
Light microscopic histopathology
Rats were reanesthetized with halothane and perfused via the ascending aorta with F AM (a mixture of 40% formaldehyde, glacial acetic acid, and methanol, I: I: 8 by vol) for 20 min at a pressure of lOG-l20 mm Hg following a I-min initial perfusion with physiological saline. Heads were immersed in F AM at 4°C for I day. Brains were then removed and divided into coronal blocks, which were embedded in paraffin. Brain sections, 10 IJ-m thick, were prepared at 250-IJ-m intervals. These were stained with hematoxylin and eosin. The intensity of ischemic injury within the hippocampus was quantitated by counting numbers of normal-appearing pyramidal neurons per high-power field (400x) in the lateral, middle, and medial subsectors. Cell counts were conducted by an observer who was blinded to the experimental protocol.
Statistical analysis
Data are presented as mean values ± SD. Normal neuron cell counts in hippocampal CAl sub sectors were assessed by one-way and two-way analysis of variance (ANOVA) (including repeated measures, where required) by SAS general linear models routines (SAS Institute, Cary, NC, U. S. A.). Differences were regarded as statis tically significant at p < 0.05.
Ultrastructural examination
To determine the ultrastructural features of the post ischemic CAl sector, three additional postischemic hypo thermic rats (37-37-30) were studied by transmission elec tron microscopy after 7 days. These rats were perfused transcardially with 0. 9% saline followed by 2% parafor maldehyde and 2. 5% glutaraldehyde in a 0.1 M sodium phosphate buffer. Brain specimens were then processed for electron microscopic examination by methods previ ously described (Dietrich et aI. , 1991a) . Table I summarizes the physiological variables. Arterial blood gases and mean arterial blood pres sure prior to and following ischemia were generally within the normal range and were similar in the hy pothermic and normothermic groups. Table 2 sum marizes the brain temperature measurements.
RESULTS
Mean values for normothermic brain temperature varied from 36.9 to 37.0°C, whereas hypothermic levels ranged from 29.9 to 30.0°C. Figure 1 shows representative light microscopic changes from the normothermic and postischemic hypothermic groups. At 3 days following the nor mothermic ischemic insult (37-37-37), a high fre quency of ischemic neurons was documented throughout the CAl sector (Fig. lA) . In addition to widespread CAl pyramidal cell injury, the postisch emic hippocampus appeared swollen and vacuo lated. After 7 days, a similar pattern of ischemic cell injury was again seen in the normothermic group (Fig. IB) . Ischemic neurons were now surrounded by swollen astrocytes and macrophages. At 7 days, the degree of parenchymal swelling was dramati cally reduced compared with the 3-day period.
In contrast to these observations in normother mic rats, normal-appearing neurons were detected throughout the CAl sector at 3 days after postisch emic hypothermia (37-37-30) (Fig. IC) . Scattered among the viable neurons were clusters of ischemic cells containing pyknotic nuclei with eosinophilic cytoplasm. The degree of hypothermic protection (i.e., frequency of viable neurons) was, however " , less consistent and prominent at the 7-day than at the 3-day postischemic period. At 2 months after postischemic hypothermia, normal-appearing CAl neurons were rarely observed (Fig. IE) . The stra tum pyramidale was composed of neuronal ghosts, cellular debris, reactive astrocytes, and macro phages.
By contrast, in rats that underwent a 10-min hy pothermic ischemic insult (37-30-37), normal appearing neurons were observed throughout the CAl hippocampus after 2 months (Fig. IF) . In these animals, pyramidal neurons appeared unremark able, and swollen or reactive astrocytes and mac rophages were not commonly observed. Table 3 shows normal-neuron counts in hippo campal CAl sub sectors of the four animal groups. At 3 days following the normothermic ischemic in sult (37-37-37), normal-neuron counts were reduced 36.9 ± 0. 1 36.9 ± 0.1 36.9 ± 0. 1
Values are means ± SO. Ischemic brain temperatures were recorded at 5 min into the lO-min ischemic period. Rectal temperature was maintained at 36.5-37°C in all groups. Q Significantly different from normothermic group (37-37-37) by one-way analysis of variance, p < 0.05.
to 3-9% of nonischemic control values. Compared with normothermic ischemic values, 3-day post ischemic hypothermic rats showed mean increases in normal-neuron counts of 9-, 13-, and 20-fold, re spectively, in the lateral, middle, and medial CAl sub sectors . These intergroup differences were highly significant for each subsector (p = 0.002-0.0001, repeated-measures ANOV A; Table 3 ). A gradient of neuronal protection was seen from the lateral (greatest protection) to the medial (least pro tection) CAl subsectors. At 7 days following the normothermic ischemic insult, normal-neuron counts were again reduced to 10-16% of nonischemic control values. Mean val ues for viable neurons were consistently higher af ter 7 than 3 days. This finding may have resulted from the decreased tissue swelling seen at the more chronic postischemic time point. Compared with the values of 7-day normothermic ischemic rats, 7-day postischemic hypothermic rats showed mean increases in normal-neuron counts of only about threefold for the three CAl subsectors (p = 0.019-0.005, repeated-measures ANOV A; Table 3 ). In ad dition, normal-cell counts in the 7-day hypothermic group ranged from 32 to 49% of nonischemic con trol values. After 2 months, no significant differ ences in cell counts between the normothermic (37-37-37) and postischemic hypothermic (37-37-30) groups were documented, while each of these groups was significantly different from the sham operated and intraischemic hypothermic groups (Table 3) . Repeated-measures ANOV A on the en tire 2-month data set confirmed a highly significant between-subjects effect for the four animal groups (p = 0.0001) (see Table 3 ). In addition, a highly significant within-subjects effect was noted for the CAl subsector (p = 0.0001), as well as a significant subsector x group interaction (p = 0.03). The later findings reflect an increasing gradient of injury from lateral to middle to medial CAl sub sectors in the normothermic ischemia and postischemic hypother mia groups (Table 3) . Vol. 13, No.4, 1993 The effect of postischemic survival time on nor mal-neuron counts in CAl subsectors was analyzed separately for the normothermic ischemic animal group and for the postischemic hypothermic animal group by one-way AN OVA with repeated measures (CAl subsector). This analysis showed that, in nor mothermic ischemic rats, there was no difference in normal-neuron counts at the three survival times [F(2,20) = 0.92, p = 0.4; Table 3 ]. By contrast, in rats with postischemic hypothermia, there was a highly significant effect of survival time on CAl his topathology [F(2,19) = 14.4, p = 0.0002]; that is, longer survival times were associated with decreas ing normal-neuron counts. Univariate statistics re vealed that these differences were highly significant for all three sub sectors-medial (p = 0.005), middle (p = 0.0002), and lateral (p = 0.0001). These results are displayed graphically in Fig. 2 .
When the normothermic ischemic and postisch emic hypothermic groups were analyzed together across all survival times by two-way ANOV A with repeated measures (CAl subsector), highly signifi cant main and interactive effects were noted for group (normothermic, postischemic hypothermic; p = 0.0001), survival time (3 days, 7 days, 2 months; p = 0.0039), CAl subsector (p = 0.0001), subsector x group (p = 0.0001), and subsector x time (p = 0.007).
In experimental rats in which hypothermia was induced during the lO-min insult (37-30-37), normal neuron cell counts after 2 months were similar to sham-operated control values.
Electron microscopic observations
Specimens taken from 7-day postischemic hypo thermic rats (37"37-30) revealed viable CAl neurons scattered among necrotic neurons, reactive astro cytes, and microglia (Fig. 3) . Ultrastructural exam ination demonstrated that viable neurons were fre quently swollen and contained indented nuclei with clumped chromatin (Fig. 3A) . The cytoplasm of swollen neurons contained vacuoles and mitochon- Original magnification x 1,200. A: 37-37-37. Three days after normothermic ischemia, ischemic neurons surrounded by clear spaces are shown. B: 37-37-37. At 7 days, ischemic neurons are again present in the CA1 area. C: 37-37-30. In contrast, many viable pyramidal neurons are seen at 3 days after postischemic hypothermia. 0: 37-37-30. However, by 7 days, ischemic neurons outnumber viable neurons. E: 37-37-30. At 2 months after postischemic hypothermia, neuronal ghosts and reactive astrocytes are detected within the necrotic pyramidal cell layer. F: 37-30-37. In contrast, normal-appearing neurons are shown at 2 months after intraischemic hypothermia. dria with abnormal-appearing cristae. Membrane profiles, possibly the remnants of swollen cisternae of endoplasmic reticulum, were also detected. In some neurons, cytoplasmic organelles were clus tered around the nucleus, leaving more peripheral areas organelle-free (Fig. 3B) . Reactive astrocytes displayed well developed cytoplasmic extensions with filaments and glycogen particles.
Large numbers of microglial cells with cytoplas mic extensions were scattered throughout the post ischemic CAl sector (Fig. 3) . Groups of two to three microglia were commonly seen together, possibly suggesting recent cell division. Microglial cells rou tinely contained oval nuclei with large clumps of chromatin adjacent to the nuclear envelope. The dark cytoplasm contained mitochondria, rough en- b Normothermic ischemic and postischemic hypothermic groups dif fered significantly (p = 0.009) by ANOVA with repeated measures (sub sector). Univariate comparisons revealed significant intergroup differ ences for each subsector (p = 0.019-D.OO5).
C Different from corresponding regional value of the sham-operated and the intraischemic hypothermia groups by one-way ANOV A and Bonfer roni test, p < 0.05. doplasmic reticulum, and dense bodies. Large clear vacuoles, sometimes containing material at differ ent stages of phagocytosis, were also observed. Mi croglial cells were frequently seen in close proxim ity to viable neuronal cell bodies as well as necrotic cells. In some cases, microglial and neuronal plasma membranes appeared side by side; direct cell-to-cell contact was occasionally observed. Cy toplasmic extensions were occasionally seen en gulfing necrotic tissue. Groups of perivascular mi croglia were also associated with small blood ves sels.
DISCUSSION
Cooling the ischemic or postischemic brain has been shown under numerous experimental condi tions to confer marked histopathological protection. The new finding in the present study is that al though a 3-h period of postischemic hypothermia significantly protects CAl neurons at postischemic day 3, no protection is seen after 2 months. It should be stressed that the protection detected at 3 days in this and our previous report (Busto et aI., 1989a) was incomplete. Partial protection after postischemic hypothermia contrasts with that seen when brain cooling is conducted during the isch emic insult. Under intraischemic hypothermic con- Vol. 13, No.4, 1993 ditions, almost complete histopathological protec tion of the CAl hippocampus has been documented (Busto et aI., 1987; Clifton et aI., 1989; Minamisawa et aI., 1990a,b; Welsh et aI., 1990; Green et aI., 1992) . It is therefore possible that postischemic therapeutic interventions that do not confer dra matic protection at early postischemic periods may not permanently protect.
Experimental data have indicated that both isch emic and postischemic events are important in the genesis of delayed ischemic cell injury. Ischemia induced neurotransmitter release, cerebrovascular permeability, as well as hemodynamic and meta bolic abnormalities have been shown to be both temperature-sensitive and associated with ischemic cell death (Busto et aI., 1989b; Chopp et aI., 1989; Dietrich et aI., 1990a Dietrich et aI., ,1991a Cardell et aI., 1991; Chen et aI., 1992) . The importance of postischemic events in the generation of ischemic injury has re cently been substantiated by data showing a post ischemic elevation of excitatory amino acids follow ing global ischemia (Andine et aI., 1991; Lin et aI., 1992) . In addition, several pharmacological studies have now demonstrated that receptor antagonists can provide CAl protection even when given in the postischemic period (Gill et aI., 1988; Sheardown et aI., 1990; Swan and Meldrum, 1990; Valentino et aI., 1991; Nellgard and Wieloch, 1992; Ordy et aI., 1992) . In reference to the present findings with post ischemic hypothermia, it should be noted that in most pharmacological studies, chronic indicators of neuronal survival and function are not evaluated. It will therefore be important to determine whether chronic histopathological and/or behavioral protec tion can be documented with postischemic pharma cological intervention.
Ultrastructural examination of the postischemic CAl sector at 7 days demonstrated that viable neu rons (i.e., ones appearing relatively normal by light microscopy) showed subtle signs of injury. Neuro nal nuclei contained clumped chromatin, and cyto plasmic organelles appeared dilated and swollen.
Although these ultrastructural abnormalities do not suggest irreversible damage, they may signal that these postischemic CAl neurons have not com pletely recovered from the transient ischemic insult or are in the process of dying. Since CAl ischemic damage is usually detected by postischemic day 3 (Kirino, 1982; Pulsinelli et aI., 1982; Dietrich et aI., 1990b) , it is possible that our postischemic hypo thermic manipulation merely delayed but did not inhibit the pathophysiological events responsible for neuronal death. It is not known whether a more extended period of postischemic hypothermia would have provided chronic protection in this study. Nevertheless, the ability of post ischemic hy pothermia to delay cell death could be clinically im portant if hypothermic treatment increased the ther apeutic window for pharmacotherapy.
An alternative explanation for the failure of post ischemic hypothermia to protect chronically is that the postischemic brain underwent a delayed, sec ondary insult. In this study, microglial cell accumu lation within the partially protected CAl hippocam pus presumably reflects a cellular response to tissue injury. Microglia were identified based on the ultra structural characteristics of this cell type (Gehr mann et aI., 1991 (Gehr mann et aI., , 1992b Peters et aI., 1991) . In a recent immunocytochemical study, the appearance of activated microglial cells was also documented following transient global ischemia (Gehrmann et aI., 1992a) . Since microglial cells can release a va riety of substances including cytokines, reactive ox ygen radicals, proteinases, and glutamate (Giulian, 1987; Giulian et aI., 1990; Banati et aI., 1991; Piani et al., 1991) , microglial activation following CNS trauma and ischemia has been implicated in the pathogenesis of these injuries (Blight, 1985; Giulian, 1988; Gehrmann et aI., 1992a,b) . In this regard, the inhibition of the cytotoxic and phagocytic activity of microglial cells has recently been shown to re duce the degree of ischemic cell injury in the spinal cord (Giulian and Robertson, 1990) . Thus, thera peutic strategies directed at postischemic microglial activation or other inflammatory processes could potentially be combined with more acute pharma cological and/or hypothermic interventions to pro vide chronic ischemic protection.
In summary, the present morphological study has demonstrated that brain hypothermia, of a limited postischemic duration, provides temporary protec tion from normothermic global ischemia. In animal models of transient forebrain ischemia, therapeutic strategies involving early postischemic hypother mia may have to be combined with pharmacological agents directed at later-occurring pathophysiologi cal events. Finally, it is concluded that experimen tal investigations aimed at therapeutic protection following global ischemia should include chronic in dicators of neuronal survival and function. Al though such experiments are costly and time con suming, they may promote the identification of clin ically effective therapeutic agents.
